al., 1998) experiments have shown that N 2 fixation in soybean is especially sensitive to water deficits and de- 
N itrogen nutrition in soybean is met by a combina-
The quantity of N 2 fixed by the crop is represented by tion of the uptake and assimilation of inorganicthe product of the total N content per square meter soil N and symbiotic N 2 fixation. The relative importance multiplied by NDA. Rates of N 2 fixation are calculated of these two sources of N in meeting the crop's N needs from the increase in the quantity of N 2 fixed by the crop changes depending upon the availability of inorganicbetween two sampling dates divided by the number of soil N (Harper, 1987) . Thus, when inorganic-soil N is days between samplings. abundant, N 2 fixation is inhibited or delayed and the An alternative method for estimating NDA has been proportion of N in the crop derived from N 2 fixation is developed for soybean (Herridge and Peoples, 1990) decreased. Conversely, when there is little inorganicand other legumes (Herridge and Peoples, 2002) that soil N available, N 2 fixation provides the majority of the use allantoin and allantoate (collectively referred to as crop's N needs.
ureides) as their primary N-export product from nodThe proportion of a soybean crop's N derived from ules. In this procedure, the concentration of ureides inorganic-soil N or from N 2 fixation may also change from petiole-tissue extracts is expressed as the RAU, depending upon whether or not the crop is exposed which is the fraction of the N from ureides relative to to drought or other environmental constraints. Field the sum of the N found in ureides and NO Ϫ 3 : (Sinclair et al., 1987; Sall and Sinclair, 1991; Serraj et al., 1997) and greenhouse (Sall and Sinclair, 1991; RAU ϭ (4 ϫ ureide conc.)/[(4 ϫ ureide conc.) ϩ tionship between RAU and N 2 fixation changes under One day after the drought treatment was initiated (9 May drought conditions. Because ureide concentration in xy-1996), plants were harvested at the soil surface from a 1-m 2 lem sap (Serraj and Sinclair, 1996) and stem extracts section of plot, dried, weighed, and ground to pass a 2-mm (de Silva et al., 1996; Serraj and Sinclair, 1996) 
Arkansas, 1996
Harvests 1 and 2, respectively, and NDA H1 and NDA H2 refer The experiment conducted in 1995 in Fayetteville was reto NDA from Harvests 1 and 2, respectively. peated in 1996 on a similar soil. For 1996, the sowing date At four dates during the experimental period (Table 1) , was 7 June 1996. Experimental design was similar to the 1995 three petioles from fully expanded leaves at the top of the experiment except that a randomized complete block design canopy were removed from each plot between 1100 and 1300 h.
with a factorial arrangement of water and N treatments was Petioles were dried at 80ЊC, bulked, finely chopped, and apused rather than a split-plot arrangement of treatments. The proximately 35 mg of dried tissue was placed in microfuge irrigation method in 1996 was drip irrigation. tubes. Ureides and NO Ϫ 3 were extracted from petioles in 1.25 mL of 0.2 M NaOH at 100ЊC for 30 min (de Silva et al., 1996) . Ureides and NO Ϫ 3 in the extract were quantified using
RESULTS
an autoanalyzer (model San System Plus, Skalar, Atlanta, GA)
Florida, 1996
with the respective procedures described by Van Berkum and Sloger (1983) and Jackson et al. (1975) . Relative abundance
The first N application resulted in some leaf necrosis, of ureide (RAU) was calculated from ureide and NO Rows were 1-m apart and placed on raised beds that were 0.15 m high. Each plot consisted of eight rows that were 6 m in length. There were two yield rows, two sample rows, and four border rows per plot. The field had been previously cropped with soybean that was well nodulated, and no rhizobial inoculant was applied.
The experiment was a randomized complete block design with four replications and a split-plot arrangement of treatments. Irrigation was the main plot, and N treatments were subplots. All plots were well-watered with furrow irrigation until the R2 developmental stage (Fehr and Caviness, 1977) whenever the estimated soil-water deficit (Cahoon et al., 1990) reached 32 mm. After R2, the drought-stressed treatments were dependent solely on rainfall.
Within each main plot, four N treatments were established: (i) no N fertilizer applied, (ii) 112 kg N ha Ϫ1 applied at V6, weighed for each row, and this was distributed evenly by hand was not completely inhibited by drought. Under drought
Source of variation
stress, the N accumulation rate of Hardee was signifi-
cantly increased as the amount of N applied increased. that N 2 fixation was more sensitive to drought stress § Significance tested using Type III MS of model as error term.
than was the uptake and assimilation of inorganic N. ¶ ns, not significant.
Analysis of variance of petiole NO
Ϫ 3 , ureides, and RAU for the four sampling dates indicated a complex May, if the three-way interaction was nonsignificant, response to the main effects of irrigation, N, and genothen the two-way interactions were also nonsignificant, type and to their two-way and three-way interactions but one or more of the main effects were significant. To (Table 2 ). The three-way interaction was significant on simplify data presentation and to provide a complete 16 May for NO Ϫ 3 , 13 and 16 May for ureide, and 9 and profile response of petiole NO Ϫ 3 , ureides, and RAU to 20 May for RAU. For measurements made on 9 and 13 irrigation, N, and genotype, we have chosen to present May, if the three-way interaction for these variables means of the three-way interactions (Table 3) . was nonsignificant, then one or more of the two-way For the four sampling dates, petiole NO Ϫ 3 concentration generally increased in response to the quantity of interactions were significant. Conversely, on 16 and 20 treatment, or to a decreased assimilation and utilization of NO Ϫ 3 for the drought treatment, or to a combination Petiole ureide concentration was generally not affected by N treatment in either genotype, or it was of these two factors. The parallel increases in both NO Ϫ 3 and ureide concentrations for the drought treathigher for the low-N treatment than for the mediumand high-N treatments (Table 3 ). The petiole ureide ment tended to offset one another such that there were generally not large differences in RAU for irrigated and concentration for the low-N treatment of Hardee was particularly high on 9 May for the well-watered treatdrought treatments within a N treatment on a given date. ment in which it was three-fold greater than the ureide concentration for plants of the medium-and high-N
The RAU values were calculated (Eq.
[2]) from ureide and NO Ϫ 3 data from each experimental unit and then treatments.
Petiole ureide concentration of Hardee increased on averaged across replications for presentation in Table 3 .
Consequently, values of RAU in Table 3 may differ 13 and 16 May in response to drought (Table 3) , and these dates corresponded to the dates with the most from calculations of RAU using the mean values of ureide and NO Ϫ 3 . This difference was particularly evisevere stress. The accumulation of ureides in response to drought has been noted in previous reports (de Silva dent for the low-N treatments, in which the NO Ϫ 3 concentration was 0 for some observations and Ͼ0 for other et al., 1996; Serraj and Sinclair, 1996) . Despite a comobservations of the same treatment. plete lack of nodules, NN-Hardee had measurable ureThe P NDA for the irrigated treatment, calculated usides at all dates. Although the ureide concentration was ing the 15 N-dilution method, ranged from approximately generally lower in NN-Hardee than in Hardee, ureide 0.4 for the high-N treatment to 0.95 for the low-N treatconcentration tended to increase for the high-N plots ment (Fig. 2) . For the drought treatment, the P NDA of the drought treatment.
covered a much greater range: from approximately 0.0 Petiole NO Ϫ 3 and ureide concentrations were used to for the high-N treatment to 0.9 for the low-N treatment calculate RAU, and differences in RAU among treat- (Fig. 2) . Although the total N accumulation rate for the ments were generally dominated by the effect of N treathigh-N treatment under drought was approximately the ment on petiole NO Ϫ 3 (Table 3) . Increased amounts of same as for the high-N, well-watered treatment (Fig. 1 ), applied N resulted in decreased RAU. The decrease in Ͻ25% of this N was from N 2 fixation (Fig. 2) . Therefore, the greater N accumulation rates for the high-N treatment under drought shown in Fig. 1 were due to uptake and assimilation of inorganic N rather than stimulation of N 2 fixation. For both well-watered and drought treatments, there was a linear relationship between the average RAU values and the P NDA, as determined by 15 N dilution (Table 4 , Fig. 2 ). Although this relationship was linear for both well-watered and drought treatments, covariate analysis indicated that the slopes (P ϭ 0.024) and inter- . † Probability values were determined using Type III sums of squares.
cepts (P ϭ 0.001) for well-watered and drought treatent measurement dates was averaged across irrigation treatments. Before R2, the RAU from petiole samples ments were significantly different.
Over the RAU range from 0.4 to 1.0 for the wellwas approximately 0.20 (Fig. 4A) . For the control treatment receiving no N fertilizer, RAU increased to apwatered treatment, the predicted NDA was approximately 0.14 greater for the curvilinear equation reported proximately 0.70 at R4 and to 0.90 at R5, indicating an increasing dependence upon N 2 fixation as the season by Herridge and Peoples (1990) than for the linear relationship predicted from our data (Fig. 2) . For the progressed. Application of N fertilizer at the V6 and R2 development stages delayed the increase in RAU, drought treatment at a RAU of 0.10, the predicted P NDA was 0.43 greater for the curvilinear relationship but by the end of the season all treatments had similar RAU values of approximately 0.95. of Herridge and Peoples (1990) than for the linear relationship that we found. The difference in P NDA beDrought stress resulted in decreased yield for all N treatments compared with the well-watered treatment tween the curvilinear relationship of Herridge and Peoples (1990) and the linear relationship for the drought (Table 5) , and there was a significant interaction between irrigation and N treatments. For the drought treatment from our experiment decreased as RAU increased and was 0.13 at a RAU of 0.90. treatment, N applications at R2 increased yield 25% relative to plots receiving no fertilizer N, and N treatment at V6&R2 had 15% greater yield than plots receiv-
Arkansas, 1995
ing no N application. Compared with plots receiving no From Day of Year (DOY) 210 to 243, total rainfall supplemental N, the application of N fertilizer to the was 4.5 mm (Fig. 3A) and maximum temperatures averwell-watered treatments increased yield 12% when apaged 34ЊC, which resulted in substantial drought stress plied at V6 and 16% when applied at V6&R2. during the podfill stages. During peak stress, the soil In general, seed protein concentration was greater water potential at a depth of 15 cm was ϽϪ80 kPa (data not shown).
Analysis of variance of RAU indicated that there was no interaction between irrigation and N treatments at any of the measurement dates (data not shown). Therefore, the response of RAU to N treatment at the differ- (irrigation and N-treatment interaction was nonsignificant). for the drought treatment than for the well-watered treatment, and there were no significant differences in (Table 6 ). The main effect of irrigation on yield was protein among N treatments for the well-watered treatsignificant with well-watered treatment having 9% ment (Table 5 ). Within the drought treatment, N treatgreater yield than the drought treatment. Averaged ment at V6&R2 had higher protein than the control across irrigation treatments, N treatment at V6&R2 treatment. Under drought stress, N treatment at V6 gave higher yields compared with the control treatment produced the greatest oil concentration compared with receiving no N fertilizer; however, in 1996 there was no the other N treatments. For the well-watered treatment, yield response to N treatment applied only at R2, unlike seed from plants of the N treatment at V6 or at V6& the 1995 results. R2 had a greater oil concentration than seed from plants
In 1996 there was a significant effect of N treatment on seed protein and oil, but there was no effect of irrigation of the control treatment. treatment (Table 6 ). The general trend was that with the application of N fertilizer, protein concentration
Arkansas, 1996
decreased and oil concentration increased compared In general, 1996 was a more favorable growing season with plants receiving no N fertilizer. than 1995. From sowing to R6, rainfall totals were 396 mm in 1995 and 443 mm in 1996. Moreover, rainfall DISCUSSION was more evenly distributed in 1996 than in 1995 ( Fig.  3A and 3B) , and drought stress was probably less severe.
The response of crop N accumulation rate to N fertilization under drought stress in the Florida experiment Relative abundance of ureide in petioles generally agrees with previous results from greenhouse and field increased throughout the 1996 season, similar to the experiments indicating that N 2 fixation was more sensi-1995 season (Fig. 4B) . After the initial application of N tive to drought stress than was the uptake and assimilaat V6, there were significant main effects of N treatment tion of soil N (Purcell and King, 1996) . At increasing on RAU at subsequent sampling dates. There was no levels of N fertilization, the N accumulation rate for significant interaction between irrigation and N treatHardee increased for the drought-stressed treatment, ment on RAU, however, and the response of RAU to and for the high N-level treatment, N accumulation was N treatment has been averaged across irrigation treatsimilar between well-watered and drought-stressed ments (Fig. 4B) . Application of N fertilizer at V6 and treatments. at R2 delayed the increase in RAU, indicating that for Because ureides are generally assumed to be closely these treatments, the proportion of N derived from N 2 linked to N 2 fixation, it is somewhat surprising that RAU fixation was delayed (Herridge and Peoples, 1990) .
values were similar between nodulating and nonnoduWhen plants were sampled on DOY 248 (90 d after lating isolines of Hardee at Gainesville (Table 3) . Nonplanting), there was also a significant main effect of nodulated bean (Phaseolus vulgaris L.) also contained irrigation with drought treatments having less RAU relatively high concentrations of ureides in leaf and stem (0.62) than the well-watered treatments (0.72). This diftissues (Thomas et al., 1980) , and inhibitor experiments ference in RAU might reflect a higher N 2 fixation rate indicated that the likely source of ureides was from for the well-watered treatment. Alternatively, the purine catabolism. The enzyme that breaks down allanhigher RAU for the irrigated treatment may be due to toate, allantoate amidohydrolase, requires Mn 2ϩ as a a greater depletion of N fertilizer from the soil due to cofactor, and in many soybean cultivars, Mn 2ϩ appears crop utilization and/or leaching.
to be limiting or is unavailable for optimum ureide Although there was no significant interaction bebreakdown . Although the NNtween irrigation and N treatments for yield, there were Hardee was completely dependent upon soil N, ureides in petiole tissues were readily detectable. Furthermore, appreciable main effects of N and irrigation treatments the increase in petiole ureides that occurs in response regardless of irrigation treatment. Responses of soybean yield to N fertilizer may also differ, depending upon to drought stress (de Silva et al., 1996; Serraj and Sinclair, 1996) was also observed in NN-Hardee for the soil characteristics including residual soil N and soil organic matter. high-N treatment (Table 3) . These results indicate that caution should be exercised when using RAU as a proxy This research confirmed previous reports that N 2 fixation in soybean was more sensitive to drought stress for N 2 fixation in soybean genotypes or in Bradyrhizobium japonicum strains that have different efficiencies than was the uptake and assimilation of soil N and that fertilizing soybean with large amounts of N fertilizer of N 2 fixation. Our RAU data for the irrigated treatment agreed within 15% of the published calibration of RAU could increase yield under drought conditions (Purcell and King, 1996) . Although application of high rates of N and P NDA from 15 N dilution (Herridge and Peoples, 1990) . For the drought treatment, however, there were fertilizer may not be an economical means of increasing drought tolerance in soybean, it illustrates the potential large differences between the relationship of RAU and P NDA that we observed and with the published calibragain in yield that perhaps could be achieved if the tolerance of N 2 fixation to drought was genetically enhanced tion. Further work is required to define the interactions of RAU with symbiotic effectiveness and with drought to reach the same level as that of the uptake and assimilation of soil N. In that genotypes have been discovered stress before this approach can be broadly applied for quantifying N 2 fixation under drought conditions. with increased tolerance of N 2 fixation to drought (Sall and Sinclair, 1991; Sinclair et al., 2000 ; Purcell and For the Fayetteville location in both years, RAU was Ͻ0.20 during vegetative development in the absence of Specht, 2004) , selection for drought-tolerant N 2 fixation appears to be an important avenue for future cultivar N fertilization (Fig. 4A, 4B ). In contrast, RAU in the Gainesville experiment was Ͼ0.80 for vegetative Hardee improvement. plants (Table 3) , indicating a greater dependence on N 2
